The gastrointestinal (GI) tract is divided into several segments that have distinct functional properties, largely absorptive. The gastric corpus is the only segment thought of as largely secretory. Microarray hybridization of the gastric corpus mucosal epithelial cells was used to compare gene expression with other segments of the columnar GI tract followed by statistical data subtraction to identify genes selectively expressed by the rat gastric corpus mucosa. This provides a means of identifying less obvious specific functions of the corpus in addition to its secretionrelated genes. For example, important properties found by this GI tract comparative transcriptome reflect the energy demand of acid secretion, a role in lipid metabolism, the large variety of resident neuroendocrine cells, responses to damaging agents and transcription factors defining differentiation of its epithelium. In terms of overlap of gastric corpus genes with the rest of the GI tract, the distal small bowel appears to express many of the gastric corpus genes in contrast to proximal small and large bowel. This differential map of gene expression by the gastric corpus epithelium will allow a more detailed description of major properties of the gastric corpus and may lead to the discovery of gastric corpus cell differentiation genes and those mis-regulated in gastric carcinomas.
THE FUNCTION OF AN ORGAN DEPENDS on the genes and protein products expressed and their regulation. Much has been learnt by classical physiological or biochemical approaches, but the complexity of biology suggests that many functions may be overlooked by conventional approaches. If a complete and specific gene expression profile were available, a more realistic understanding of a specific organ's capabilities would ensue.
The gastric corpus epithelium is the most complicated region of the gastrointestinal (GI) tract in terms of secretion, endocrine function, and differentiation due to its large variety of cell types. In this article, we present the specific transcriptome of the rat gastric corpus mucosa as obtained by whole rat genome microarray hybridization compared with three other mucosal segments of the columnar GI tract (proximal and distal small bowel, and colon). This is followed by statistical data subtraction to identify genes selectively expressed by the rat gastric corpus mucosa, but not by the other segments. Genes identified with this method most likely reflect functional importance in the stomach when considered in the context of relative rather than absolute expression levels. For example, many receptors are expressed at relatively low levels but their increased expression relative to other regions of the GI tract indicates significant function in the gastric secretory epithelium. The success of this method has been previously shown during transcriptomal analysis of purified suspensions of individual cell types, such as parietal and enterochromaffin-like (ECL) cells compared with the primary mucosal digest of the gastric corpus mucosa, which gave new insights into the interaction between these two cell types, such as apelin and the apelin receptor or the main pathway for regulation of histamine levels in the ECL cell (43) (44) (45) . Similar approaches have been used to isolate and characterize regulation of gene expression of primary gastrointestinal epithelial cells, especially gastric corpus mucosal cell suspensions (3, 32, 82) , purified mouse gastric parietal cells (31, 52) , gastric chief cells (51) , and gastric epithelial progenitor cells (50) .
Furthermore, we confirmed gene expression identified by the above method in specific cases by RT-qPCR. As gene expression may not always result in protein levels, we evaluated protein expression by fluorescent immunohistochemistry in one selected case. This approach shows how statistical subtraction of gene expression profiles from microarrays results in the detection of expression of previously unsuspected proteins in a given organ indicating novel functions. Analysis of the function of specifically expressed genes in the stomach corpus mucosa will result in a more complete picture of gastric function compared with other GI segments being the first digestive organ encountered by food. This analysis will help to explain how the secretory portion of the stomach accomplishes the multitude of its essential processes and may reveal new functions of this interesting epithelium.
MATERIALS AND METHODS

Animals and Experimental Design
Adult male Sprague-Dawley rats (Harlan, San Diego, CA) (body wt 250 -300 g) were housed in groups of four animals per cage under conditions of controlled illumination (12-h light, 12-h dark cycle: lights on at 0600 and off at 1800), humidity (60%), and temperature (22 Ϯ 2°C). Animals were fed with a standard rodent diet (Prolab RMH 2500; LabDiet, PMI Nutrition, Brentwood, MO) and tap water ad libitum. Rats were divided into four equal groups of four rats each. Each group was killed using CO 2 inhalation followed by cervical dislocation. All experimental protocols are approved by the Research Committee of the VA Greater Los Angeles Healthcare System (#04032-02). Cell isolation from gastric, upper small bowel (duodenum and jejunum), lower small bowel (ileum), and colonic epithelium was performed as described before (43) (44) (45) . Briefly, a cell suspension was generated by controlled digestion and separated by elutriation, the mRNA isolated and after labeling hybridized to a whole rat genome microarray (Agilent Technologies, Santa Clara, CA).
Gastric Oxyntic Mucosal Cells
Stomachs were removed and everted, and contents washed out. Ligations were placed above the gastric antrum and at the forestom-ach. Solution A [1-1.5 ml, 50 mM HEPES, 350 M EDTA, 0.5 mM NaH 2PO4, 1 mM Na2HPO4, 20 mM NaHCO3, 70 mM NaCl, 20 mM KCl, and 11 mM D(ϩ)-glucose, pH 7.8] containing 10 mg/ml pronase E from Streptomyces griseus (Roche Diagnostics, Indianapolis, IN) was injected into the inside of the everted stomachs, which were then incubated at 37°C for 30 min in 50 ml solution A to allow inactive pronase to diffuse from the serosal to the mucosal side of the gastric wall. Solution A was discarded, and the stomachs were incubated for 10 min in solution B (same as solution A, but without EDTA and with 10 mM Ca 2Cl and 15 mM Mg2Cl, pH 7.4, gentle stirring), which activates pronase to release most of the gastric corpus mucosal cells into the bathing solution. This was confirmed by hematoxylin and eosin (H&E) staining of sections of stomach wall remnants after digestion (data not shown). The cells were filtered through a nylon sieve, washed twice in solution C (140 mM NaCl, 1.2 mM MgSO 4, 1 mM CaCl2, 10 mM HEPES, 11 mM glucose, and 0.5 g/l BSA, pH 7.4 containing 300 mg/l dithiothreitol, DTT, to avoid cell clumping), centrifuged at 1,100 rpm for 3 min in a Sorvall centrifuge, and finally concentrated to 10 ml volume. This suspension was injected into a zonal rotor of an elutriator (Beckman Coulter, Fullerton, CA) spinning at 1,400 rpm with a counter flow rate of 8 ml/min. After stabilization of the suspension in the chamber of the rotor the flow rate was increased to 13 ml/min to remove cell debris. Single cells suspensions were removed by reducing rotor speed to 950 rpm and increasing flow rate to 65 ml/min to avoid clumping.
Small and Large Bowel Epithelial Cells
Parts of the proximal duodenum (1.5 cm), jejunum (3 cm), terminal ileum (5 cm), and colon (5 cm) were removed and everted, and contents washed out. Ligations were placed on one end, and the sacs filled with solution A containing 10 mg/ml pronase E. A second ligation was performed to obtain solution A filled fluid-tight sacs. These were incubated for 15 min at 37°C in 50 ml solution A. Solution A was discarded, and the inside out sacs were incubated for 7 min in solution B with gentle stirring. This method of pronase digestion does not damage the basement membrane of the bowel mucosa. H&E-stained sections confirmed that only epithelial cells were released from the villi and crypts of the bowel, but the submucosal villi and folds remained intact (data not shown). The cells were filtered through a nylon sieve, washed twice in solution C (140 mM NaCl, 1.2 mM MgSO 4, 1 mM CaCl2, 10 mM HEPES, 11 mM glucose, and 0.5 g/l BSA, pH 7.4 containing 300 mg/l DTT to avoid cell clumping), centrifuged at 1,100 rpm for 3 min in a Sorvall centrifuge and finally concentrated to 10 ml volume. This suspension was injected into a zonal rotor of an elutriator (Beckman) spinning at 1,400 rpm with a counter flow rate of 8 ml/min. After stabilization of the suspension in the chamber of the rotor the flow rate is increased to 13 ml/min to remove cell debris. Single cell suspensions were removed by reducing rotor speed to 950 rpm and increasing flow rate to 25 ml/min.
cRNA Labeling, Quality Assessment, Whole Rat Genome Oligonucleotide Microarray Hybridization
We used 100 l of the cell suspensions to isolate total RNA using a NucleoSpin RNA II Kit (BD Biosciences, San Jose, CA). The RNA was assessed regarding purity and stability using the Agilent Bioanalyzer 2100 (Agilent Technologies). The typical RNA concentration was 300 -500 ng/l.RNA integrity number (RIN) was 9.9 -10. Fluorescently labeled cRNA was generated using 500 ng total RNA in a reverse transcriptase reaction with a poly d(T) -T7 promoter primer followed by T7 polymerase based linear amplification in the presence of fluorophore labeled nucleotides, Cy3-or Cy5-CTP according to the manufacturer's protocol (Low RNA input Fluor Linear Amp Kit, Agilent Technologies). The final cRNA concentration of typically 300 -500 ng/l and the cyanine 3-or cyanine 5-cytidine incorporation of 5-10 pmol/g cRNA, a measure for efficiency of dye incorporation, were determined using a Nanodrop spectrophotometer ND-1000 (Nanodrop Technologies, Wilmington, DE). Labeled cRNA (3.5 g) samples were hybridized to a 44K rat oligonucleotide expression array (Agilent Technologies) according to the manufacturer's protocol. Each set of three independent microarray experiments per regional epithelial cell suspension of the GI tract contained one dye swap experiment. All microarrays were scanned and the intensities normalized over background using a microarray scanner from Agilent Technologies including proprietary software.
Subtraction of Whole Rat Gastric Microarray Transcriptome From the Mean of Proximal, Distal Small Bowel and Colonic Transcriptomes Using Statistical Data Analysis
All microarray data sets (single channel) were imported into the microarray data analysis software Genespring 7.3 (Agilent Technologies) and normalized intensities compared. The software is able to calculate the ratios and statistical significance of difference between large sets of data (i.e., four sets with three data points from each regional GI tract epithelial cell suspension). Data presented in the paper are expressed as the mean of three ratios Ϯ SD as analyzed by one-way ANOVA. Differences between the gastric corpus mucosal transcriptome to proximal, distal small intestinal, and colonic mucosal transcriptomes were evaluated by pair-wise multiple comparison procedures (built in statistical analysis by Genespring 7.3).
Each ratio represents the individual normalized intensity of each hybridized oligonucleotide spot of the gastric corpus mucosal transcriptome, divided by the median of all normalized intensities across the data set (12 samples). These ratios reflect the specificity of gene expression in the gastric corpus mucosal segment compared with all other segments (differential gene expression) and not necessarily the quantity of expression (which can be estimated by the total normalized intensities of fluorescence). Absence of genes listed here should not be interpreted as not being expressed at all but should be viewed as lacking sufficient differential expression between the gastric corpus epithelium and the other GI tract epithelia. Ratios are presented as heat maps showing gradients of highest (red) to lowest (green). Equal expression ratios (ratio of 1) are displayed as black. The data are also presented as log ratios in an additional column adjacent to each individual heat map.
Normalized intensities can be obtained from the original data sets which are deposited for public access to the Gene Expression Omnibus (GEO) National Center for Biotechnology Information (NCBI) database with the series number (GSE19313) with the submission of 15 individual data sets (GSM479747, GSM479804, GSM479806, GSM479807, GSM479808, GSM479823, GSM479824, GSM479825, GSM479836, GSM479837, GSM479838, GSM479863, GSM479864, GSM479865, GSM479866).
Gene Validation by RT-qPCR
Based on the data obtained from the microarrays we selected seven genes to validate mRNA expression: colipase, carbonic anhydrase (CAH) 9, CAH11, and Atp10d for gastric epithelium, intestinal alkaline phosphatase for proximal small bowel, matrilysin (also matrix metallopeptidase 7) for distal small bowel, and mucosal pentraxin for colonic epithelial cells. These genes were chosen because they were selectively and highly expressed only in the respective GI segment. Total RNA from each segment was denatured at 65°C for 5 min and used to synthesize first-strand cDNA by reverse transcription with the ThermoScriptTM RT-PCR system (Invitrogen, Carlsbad, CA). Real-time quantitative PCR was performed in duplicates using DNA Engine Opticon1 2 Detection System interfaced to the Opticon MONITORTM Analysis Software version 2.01 (MJ Research, Waltham, MA) in a 20 l reaction volume. The optimized reaction contained 10 l of SYBR1 Premix Ex TaqTM (Perfect Real Time; Takara Mirus Bio, Madison, WI), 1 l each of oligonucleotide primers (10 mM), 1 l of the cDNA synthesis reaction, and 7 l of H 2O. Each amplification was followed by a melting curve resulting in only one peak for each amplicon indicative of amplification of only one product. This was confirmed by agarose gel electrophoresis of the RT-PCR products. The cycle of threshold C(T) was determined as the fluorescent signal (binding of SYBR green to double-stranded cDNA) of 1 SD over background. All reactions were carried out in duplicate, and three separate amplifications for each primer pair were performed. Standard curves of efficiency of each primer pair were determined with four serial dilution points of control cDNA (100 ng-100 pg). Relative expression ratios were calculated using the method by Pfaffl (66) . HPRT (hypoxanthine guanine ribotransferase) was used as the house keeping (control) gene for all amplifications.
Selected forward (f) and reverse (r) primers were (f)cagtcccagcgtcgtgatta and (r)agcaagtctttcagtcctgtc (HPRT), (f)agatgctgccaacatgacac and (r)cactgcacgatctcactgct (colipase), (f)gtgcaaagaaagcagggaag and (r)tccaccaaggatcacatcaa (intestinal alkaline phosphatase), (f)gagtgccagatgttgcagaa and (r)tctgcagtcccccaactaac (matrilysin), (f)cgcccttacagcatcttctc and (r)agaggcagactcccagttca (mucosal pentraxin), (f)gctcctagtgtccgctcatc and (r)gagggaatcctcctttctgg (CAH9), (f)ttccttagtcgcctcctcaa and (r)accactgaggctctggaaga (CAH11), as well as (f)gcagctgcctgaactttacc and (r)caatagagcggctgtgttca (Atp10d).
Fluorescent Double Immunohistochemistry and Microscopy
At 9 AM ad libitum fed rats (n ϭ 3) were killed by CO 2 anesthesia followed by cervical dislocation. The stomach was quickly removed, emptied, washed, and fixed in aqueous Bouin's fixative (5% acetic acid, 9% formaldehyde, 0.9% picric acid) for 2 h, then rinsed 3ϫ in 50% ethanol to remove fixative residues. Thereafter, the tissue was processed following standard procedures and embedded in paraffin. We cut 5 m paraffin sections of rat stomach corpus tissue using a microtome, deparaffinized and rehydrated with graded xylene-alcohol series and washed with phosphate-buffered saline (PBS) three times for 15 min before immunostaining. Endogenous peroxidase was inactivated by 0.3% hydrogen peroxide in PBS for 30 min and unspecific binding was reduced by pretreatment with 3% normal goat serum. Sections were incubated overnight at 4°C in polyclonal rabbit anti-Atp10d antibody (1:10,000, SAB2100178, Sigma-Aldrich, Saint Louis, MO) together with monoclonal anti-H,K-ATPase (1:250, 12.18; Ref. 49) . Tetramethyl rhodamine iso-thiocyanate (TRITC) conjugated goat anti-rabbit IgG (1:1,000, Jackson ImmunoResearch Laboratories, West Grove, PA) and fluorescein iso-thiocyanate (FITC)-labeled anti-mouse (1:1,000, Jackson ImmunoResearch Laboratories) antibodies were added for 2 h at room temperature. Each step of incubation was followed by a 3 ϫ 5 min washing in PBS. Counterstaining was performed using 4=,6-diamidino-2-phenylindole (DAPI) 1:1,000 for 5 min. The slides were mounted with antifade mounting medium (Vector Laboratory, Burlingame, CA) and visualized by confocal microscopy (Zeiss, LSM 510, Germany). The slides were analyzed with low power view using a ϫ20 objective and high power view using a ϫ100 objective. Five high power views were analyzed for coexpression of Atp10d with H,K-ATPase in the gastric corpus mucosa.
Statistical Data Analysis and Data Presentation
All microarray data sets (single channel) were imported into the microarray data analysis software Genespring 7.3 (Agilent Technologies), and normalized intensities compared. The software is able to calculate the ratios and statistical significance of difference between large sets of data (i.e., four sets with three data points from each regional GI tract epithelial cell suspension). Microarray data presented in the paper are expressed as the mean of three ratios Ϯ SD as analyzed by one-way ANOVA. Differences between groups are evaluated by all pair-wise multiple comparison procedures (built in statistical analysis by Genespring 7.3). RT-qPCR data were analyzed similarly using SigmaStat version 3.2. P Ͻ 0.05 was considered significant.
Each ratio represents the individual normalized intensity of each hybridized oligonucleotide spot, divided by the median of all normalized intensities across the data set (12 samples). These ratios reflect the specificity of gene expression in a given mucosal segment compared with all other segments (differential gene expression) and not necessarily the quantity of expression (which can be estimated by the total normalized intensities of fluorescence). Absence of genes listed here should not be interpreted as not being expressed but should be viewed as lacking sufficient differential expression between the stomach epithelium and the other GI tract epithelia. Ratios are presented as heat maps showing gradients of highest (red) to lowest (green). Equal expression ratios (ratio of 1) are displayed as black. The data are also presented as log ratios in an additional column adjacent to each individual heat map.
Normalized intensities can be obtained from the original data sets, which are deposited for public access to the GEO NCBI database with the series number (GSE19313) with the submission of 15 individual data sets (GSM479747, GSM479804, GSM479806, GSM479807, GSM479808, GSM479823, GSM479824, GSM479825, GSM479836, GSM479837, GSM479838, GSM479863, GSM479864, GSM479865, GSM479866).
RESULTS AND DISCUSSION
The 44K whole rat genome expression array (G 4131A, Agilent Technologies) contains 41,012 annotated oligonucleotide probes. From these, 23,633 probes hybridized significantly with normalized fluorescent intensities of Ͼ1,000 (background fluorescent intensity is Ͻ100) with one or more gut segments, indicating substantial mRNA expression of 58% of genes of the whole rat genome in all or some of the assayed samples from these GI tract cell suspensions. The overall mean ratio value (each individual data point divided by the mean of all intensities measured in the entire data set) was 1 with a standard deviation of 0.77 illustrating the relatively low variation of mRNA concentration introduced by cell isolation, hybridization, and normalization of fluorescence intensities between the different GI tract segments. All experiments were performed in triplicate. About 18,000 mRNA probes (normalized fluorescent intensities of Ͼ1,000) had statistically similar intensities throughout all mucosal segments indicating equivalent and significant expression throughout the GI tract. The mRNA from gastric corpus showed the highest selectivity of expression compared with the rest of the GI tract and is therefore the focus of this paper.
Of the differentially expressed genes, emphasis is placed on selected members of gene families relatively highly expressed in the gastric oxyntic transcriptome (ratio Ͼ2, log ratio Ͼ0.3) that are likely to be significant in gastric physiology. Genes without known protein products or proteins with as yet undescribed physiological functions are ignored but are accessible through the publically available data sets at the GEO.
RNA Integrity and Validation of Relative Enrichment of Messages Along the GI Columnar Epithelium by Quantitative RT-qPCR
To confirm these microarray data, four genes that were found to be selectively and highly expressed in one particular segment (Fig. 1A) on the array were chosen. These were colipase for the stomach segment, intestinal alkaline phosphatase for the proximal small bowel, matrilysin representing the distal small bowel, and mucosal pentraxin representing the colonic epithelial cells. The microarray data showed a 3,000-, Fig. 1 . Gene validation by RT-qPCR of selected genes. Based on microarray gene expression data 4 genes previously known to be selectively expressed in 1 segment (A) were chosen and mRNA expression assessed by RT-qPCR. Significant enrichment (log ratio Ͼ1) was found for colipase in gastric epithelial cells, intestinal alkaline phosphatase in proximal small bowel, matrilysin in distal small bowel, and mucosal pentraxin in colonic epithelial cells (B). C: integrity of RNA of gastric, proximal small bowel, distal small bowel, and colon epithelial cell isolations was determined by the electrophoretic trace of the RNA sample. The software algorithm allows for the classification of eukaryotic total RNA, based on a numbering system from 1 to 10, with 1 being the most degraded profile and 10 being the most intact. RNA integrity number (RIN) for the four samples was 9.9 -10.0. D: 3 additional, novel genes were validated by RT-qPCR and significant mRNA expression of carbonic anhydrases (CAH) 9, CAH11, and the flippase Atp10d was found in the gastric corpus epithelium. Abbreviations: DSB, distal small bowel; PSB, proximal small bowel. ***P Ͻ 0.001 vs. all other groups, ##P Ͻ 0.01 vs. stomach and proximal small bowel.
70-, 20-, and 130-fold increase, respectively. The mRNA expression of these genes was assessed by RT-qPCR. In line with the microarray data, significant enrichment for all four genes was found in the expected segment compared with the other segments (P Ͻ 0.001, Fig. 1B) . Thus, the selective expression of specific markers of different segments of the digestive system as found on the microarray was confirmed by RT-qPCR.
Integrity of RNA of gastric, proximal small bowel, distal small bowel, and colon epithelial cell isolations was determined by capillary electrophoresis. Classification of riboeukaryotic total RNA is based on a numbering system from 1 to 10, with 1 being the most degraded RNA profile and 10 being the most intact RNA. RIN for the four samples was 9.9 -10.0 (Fig. 1C) showing that the RNA isolated from the different regions of the gut was of adequate quality for transcriptomal analysis.
Acid Secretion and pH Homeostasis
Regional expression of transport ATPases. There is the expected gastric-specific expression of the parietal cell-specific H,K-ATPase ␣-and ␤-subunits (Atp4a and b, Fig. 2 ). In two of the ileal samples there was also minor expression of the H,K-ATPase ␣-subunit mRNA, at a 1,000-fold lower level.
This might be due to background labeling of another gene since it is not accompanied by a signal for the H,K-ATPase ␤-subunit but correlates with overlap of gene expression in this segment of the gut with many of the genes in the gastric corpus transcriptome perhaps originating from surface, chief, or stem/ progenitor cells. In contrast there is depletion of most of the gastric corpus genes discussed here in the proximal small bowel and in the colon.
There is high expression of a phospholipid transporting type IV p-type ATPase (lipid flippase, Atp10d), previously implicated in pathophysiology of obesity (14, 15) . High expression of this gene was confirmed by RT-qPCR (Fig. 1D) , and immunofluorescent staining localized this ATPase to parietal cells as shown by double immunofluorescent labeling with H,K-ATPase (Fig. 3) . The presence of this flippase may be required for remodeling of the H,K ATPase membrane after parietal cell transformation between rest and secretion.
Although previously suggested to be expressed in the small bowel (59), there is significant enrichment of message for the copper transporting Menkes gene product (Atp7a), while Wilson's gene product (Atp7b) is not expressed. Atp7a has a housekeeping role for cellular copper homeostasis and may reflect the high mitochondrial content of the parietal cell (25) . This ATPase is usually located in the trans-Golgi network and is required for regulation of copper supply to copper requiring enzymes (for review see Ref. 46) .
Finally, there is relatively high expression of Atp6v0e1, a member of the V o component of the lysosomal ATPase, perhaps due to the presence of zymogen granules in the chief cell.
Expression of bicarbonate transporters. Messages for three of the four anion exchangers are enriched in the gastric corpus mucosa. The significant enrichment of message encoding the Cl Ϫ /HCO 3 Ϫ exchanger (anion exchange transporter, Slc26a7) in the gastric mucosa confirms previous gastric parietal cell expression data (65, 86) and likely relates to the need for bicarbonate export that results from the H 2 CO 3 supplying protons for acid secretion.
Segmental enrichment of messages coding for bicarbonate transporters is modest (Fig. 2) , indicating these transporters have, in general, a universal function throughout the GI tract. However, some are enriched in the gastric transcriptome.
Expression of carbonic anhydrases. There are similar levels of expression of sodium proton exchangers across all regions of the GI tract mucosa, indicating that the entire epithelium of the GI tract shares this pH regulatory pathway. By contrast, analysis of messages encoding the 15 known ␣-CAH shows segment-specific expression patterns (Fig. 2) . These carbonic anhydrases can be classified into three functional groups: cytosolic CAH (1, 2, 3, 7 and 13), membrane bound (4, 9, 12, 14, and 15), and cytosolic acatalytic CAH-related proteins (8, 10, and 11). The gastric corpus mucosa is enriched in message for cytosolic CAH2 and CAH11 and membrane-bound CAH9 and CAH14.
The role of CAH in parietal cells is thought to be supply of adequate quantities of H 2 CO 3 for supply of cytoplasmic H ϩ for the H,K-ATPase. The combination of significant expression of membrane-bound CAH14 (extracellular activity) and cytosolic CAH2 (intracellular activity) supports a model for bicarbonate exchange across the plasma membrane of gastric corpus mucosal cells in combination with anion exchangers AE1-4, as has been shown for CAH14 in hippocampal neurons (79) . High gastric corpus expression of CAH9 and CAH11 was confirmed by RT-qPCR (Fig. 3, B and C) , but the functional significance of these carbonic anhydrases in the gastric corpus mucosa is unknown. They may be present to supply adequate quantities of H 2 CO 3 for acid secretion or be analogous to the function of CAH8, which has been shown to be involved in inhibition of the IP3 receptor during intracellular calcium activation (87) . Both CAH11 and CAH9 have been implicated in the pathophysiology of gastric neoplasia (55, 63) . There is also slight gastric epithelial enrichment of the mitochondrial CAH 5a/b probably due to the high concentration of mitochondria in gastric parietal cells.
Therefore, this microarray analysis has confirmed the presence of several genes implicated in gastric acid secretion, the ATPases, two carbonic anhydrases, and one anion exchanger or transporter. In addition, it has revealed expression of other ATPases and anion transporters.
Gastric Expression of Ion and Water Channels
The oxyntic mucosa is a secretory epithelium generating 1.5 l of 0.1 N hydrochloric acid (HCl) per day in humans, as well as pepsinogen, and considerable quantities of mucus and bicarbonate (71) . HCl is secreted by the gastric H,K-ATPase dependent on K ϩ supply by K ϩ /Cl Ϫ efflux from the apical surface of the parietal cell, therefore requiring supplies of these ions on the basolateral surface and intracellular pH homeostasis. In addition, this region of the stomach contains multiple neuroendocrine cells that have secretory mechanisms dependent on changes of [Ca 2ϩ ] in and membrane potential (92) . It was anticipated, therefore, that the corpus mucosa would express significantly higher levels of ion and water channels compared with other segments of the intestine.
Expression of potassium channels. Several potassium channel messages are enriched in the gastric corpus mucosa (Fig. 4) , and there is also expression of many of these genes in the ileum but not proximal small bowel or colon.
The K ϩ channel, Kcnq1, is highly expressed in gastric parietal cells (45) and has been shown to enable potassium export across the canalicular membrane of the parietal cell (75) . This gene is also expressed in the ileum. Two of the regulatory ␤-subunits of Kcnq1, Kcne1 and especially Kcne2, are all enriched in the gastric corpus mucosa. While Kcne2 is expressed in parietal cells (45), Kcne1 is not, indicating that it is Kcnq1 and Kcne2 that form the parietal cell-specific potassium channel heterodimer related to acid secretion. In addition, another isoform of Kcnq1, Kcnq3, is also enriched in the gastric corpus mucosa and in parietal cells but not ECL cells (45) , perhaps indicating additional subtypes of the Kcnq-Kcne potassium channel complexes in parietal cells, perhaps to Fig. 4 . Segment-specific expression of genes for ion and water channels. This figure illustrates the relative distribution of genes encoding potassium and chloride channels as well as aquaporins that are selectively expressed in epithelial cells of gastric corpus, compared with PSB, DSB, and colon in 3 independent experiments (log of the mean of 3 ratios Ϯ SD). Ratios are presented as heat maps showing gradients of highest (red) to lowest (green). The color scale at the bottom indicates the expression ratios (fold-change).
supply K ϩ on their basolateral surface to the acid secretion Kcnq1/Kcne2 complex. There is also gastric corpus mucosal and parietal cell-specific expression of Kir4.2 and 5.1 (Kncj15 and Kcnj16), which form a potassium inward-rectifying pHsensitive heterodimeric channel (64) . It has been claimed that Kir4.2 localizes to the secretory membrane upon stimulation (37) . The role of these inward rectifying channels in parietal cells is as yet unknown, but some are likely required to replenish cell K ϩ for the loss due to acid secretion since the H,K-ATPase is not able to recycle all of the K ϩ exiting the canalicular membrane.
Further gastric-specific expression was found for Kir3.2 and Kir3.1 (Kcnj6 and Kcnj3), which form a channel with I KrAClike currents and have been shown to be present in the lamina propria muscularis of the GI tract (5). They are regulated by muscarinic receptors and may be involved in contraction of the muscularis mucosae (5) .
The strong enrichment of Kir7.1, Kcnh2 (ERG channel), and Kcnk2 (Trek-1) in ECL cells (45) indicates an important role in ECL cell physiology likely related to histamine secretion perhaps counteracting depolarization during histamine exocytosis. Two-pore domain potassium channels such as Kcnk2, have recently been colocalized with ECL cells and with the majority of ghrelin-immunoreactive X/A-like cells in rats (56) . These channels therefore probably reflect properties of the neuroendocrine cell population of the gastric corpus.
Kir2.1 (Kcnj2) and Kcnc3 are also enriched in gastric corpus mucosal suspensions but are only slightly enriched in ECL cell suspensions with no parietal cell expression (45), indicating expression in another gastric corpus mucosal cell such as other endocrine, mucus, chief, or stem cells.
Expression of chloride channels. The gastric corpus mucosa is enriched in messages for many chloride channels. These channels may contribute to the stomach's main function of acid secretion (Fig. 4) . There is corpus-specific expression of the intracellular chloride channel (Clic6, parchorin), which has been shown to be specifically expressed in gastric parietal cells and suggested to be responsible for chloride secretion at the stimulated canalicular membrane of parietal cells (58) . There is also gastric corpus mucosal specific enrichment of message of the voltage gated chloride channels Clcn4 -2 and Clcnkb, and Clcnka. Clcn4 -2 and Clcnkb were enriched in a previous expression analysis of gastric parietal cells (44) and may represent candidate proteins involved in basolateral chloride uptake by parietal cells during acid secretion. Other messages enriched in the gastric corpus mucosa encode Clic3 and 4. The latter two genes were not enriched in gastric parietal or ECL cells (data not shown), indicating possible surface or chief cell expression.
There are several genes encoding Na ϩ /Cl Ϫ and K ϩ /Cl Ϫ transporters, likely reflecting the need for homeostasis of these ions in acid pepsinogen secretion and gastric neuroendocrine cell function. The plethora of cation and chloride transporters in the gastric corpus mucosa suggests very specific functions for most of them that still remain to be discovered, reflecting the heterocellular nature of this region of the stomach. In terms of the remainder of the intestine, only the ileum expresses many of these genes, while the jejunum and colon express very few of these Cl Ϫ transporters. Expression of aquaporins. Messages for aquaporins are present in all GI epithelia. However, different subtypes are selectively expressed that may determine specific association with other transporters (Fig. 4) .
Aquaporins 2, 4, 5, 6, and 12 messages are enriched in the gastric mucosa compared with jejunum and colon, and aquaporins 4 and 6 are also enriched in the ileum. Since aquaporin 2 has been shown to cycle between intracellular vesicles and the apical surface of renal collecting ductal cells (36) , its gastric-specific expression suggests that aquaporin 2 and perhaps 4 allows gastric mucosal apical water secretion driven by the outward KCl gradient. The role of the other gastric enriched aquaporins has not been identified.
Endocrine Regulation
Expression of general endocrine mediators and receptors. As previously described, the gastric corpus mucosa is enriched in messages coding for calcitonin gene-related polypeptide (CGRP, Ref. 42 ) and apelin, which is expressed in gastric parietal cells and plays a role in a negative feed-back loop between parietal and gastric ECL cells that express the apelin receptor (45) (Fig. 5) . Furthermore, messages coding for gastrin (21), ghrelin and NUCB2/nesfatin-1 (78), and neuropeptide W (6) are all enriched, indicating a significant role of the gastric corpus mucosa in regulating food intake and energy balance (Fig. 5) . Ghrelin and chromogranin A messages are selectively enriched in the gastric corpus mucosa due to expression in ghrelin and ECL cells (9) . Neither chromogranin B nor C is enriched in any of the intestinal regions (data not shown). Message coding for somatostatin is much higher in the gastric corpus mucosa compared with the other small and large intestinal epithelial segments, indicating that gastric D-cells appear to be the major source of somatostatin in the rat GI corpus mucosa. The enrichment for histidine decarboxylase reflects the need for histamine generation by the ECL cell.
The gastric corpus mucosa is enriched in messages coding for a variety of receptors, whose ligands are mainly expressed in the small bowel mucosa. These include receptors for CCK, gastric inhibitory peptide (Gip), secretin, and glucagon (Fig. 5) . The CCK-A receptor is highly enriched due to its role as a secretagogue for chief cells (24) . The CCK-B/gastrin receptor is also enriched, but to a much lower degree compared with the CCK-A receptor, due to significant expression in the ileum but not jejunal or colonic mucosa. Messages coding for all three incretin receptors (GIP-R, GLP-1 and 2 receptors) are significantly enriched in the gastric corpus mucosa, indicating a role for this segment in appetite control and glucose homeostasis.
The presence of significant GIP-R as well as lipoprotein lipase messages (see Fig. 4 ) in the gastric corpus mucosa in conjunction with recently published data (40) suggests endocrine activation of lipoprotein lipase activity by GIP released by the upper small bowel mucosa to increase triglyceride concentration in the stomach. This may represent a novel regulatory feedback loop between small bowel and stomach to meet the unique energy requirements of the gastric corpus mucosa during acid secretion.
Message for the secretin receptor is also seen in the gastric corpus mucosa likely expressed in somatostatin expressing D cells and involved in inhibition of acid secretion (74) .
Expression of growth factors (GF), receptors, and binding
proteins. Although thought to be mainly expressed in liver tissue, messages coding for many insulin-like growth factors are highly enriched in the gastric mucosa (Fig. 5) .
Messages encoding insulin-like growth factor (Igf)-1, Igf-2 and the two Igf receptors are enriched. This supports recent research showing that glucose levels and ghrelin release appear to increase serum Igf concentration (84) . Also, exogenously administered as well as endogenously released Igf-1 has been shown to prevent gastric erosions and ulcers and to promote mucosal proliferation and growth (7, 41) . IGF function in tissues is tightly regulated through Igf binding proteins. There is also enrichment of messages for most of the high-affinity Igf-binding proteins (Igfbp) with the exception of Igfbp1 in the gastric mucosa, extending previous data on gastric cell lines (90) . Concomitant expression of Igf functional inhibitory (Igfbp4) and stimulatory peptides (Igfbp3 and 5) indicates a finely tuned regulatory system of Igf activity within the gastric mucosa. These receptors likely play an important role in cell differentiation in this region of the gut. As observed before, many of these receptors are also expressed in the ileum but not jejunum or colon.
Messages for a variety of other growth factors are also enriched in the gastric mucosa. These data support the hypoth- esis that the stomach plays a major role in nutrient homeostasis and glucose metabolism.
Epithelial Protection, Regeneration, and Innate Immune Response
Epithelial protection and regeneration. There is gastric enrichment of messages encoding epithelial mucins such as foveolin and trefoil factors. Mucins play an important role in recognition of the innate immune system to sense luminal bacterial and toxic agents. The stomach is the first organ to receive ingesta and thus requires significant protection against possible damage (Fig. 6) .
Many of these protective genes encode membrane bound or secreted proteins, and their expression is downregulated in GI carcinomas (20, 54, 60, 61) . Muc1, 5ac, and 6 are highly enriched and are main constituents of the mucus barrier in the stomach, which protects the underlying epithelium from proteases, mechanical trauma, and pathogenic microorganisms (35) . Accumulating evidence implicates potential roles of Muc1, Muc5ac, and Muc6 genetic variation in the development of stomach cancer (35) . In a knockout mouse model, Muc1 has been shown to influence both Helicobacter pylori colonization of the murine gastric mucosa and the associated gastritis (47) . Muc5ac is only expressed in gastric foveolar epithelium (73) , and is associated with trefoil factor Tff1 (57) .
The gastric mucosa is highly enriched in message encoding the gastro-protective peptides foveolin (gastrokine 1 Ref. 60) and two trefoil factors such as Tff2 (spasmolytic polypeptide, SP1). These peptides promote mucosal regeneration (26, 68) and may serve as chaperones in proper protein folding (81) . Foveolin and trefoil factor genes remain enriched in the jejunum, but not in ileum or colon. Hence, the corpus and jejunum share these regenerative gene messages.
The Wnt signaling pathway inhibitor, secreted Frizzledrelated protein 2 (sFRP2) is enriched in corpus but particularly in colonic epithelium and must be involved in the morphogenesis of these two segments of the GI tract. This protein maintains normal mucosal regeneration by regulating the rate of terminal differentiation of stem cells by inhibition of the ␤-catenin/Wnt signaling pathway. Inhibition of this signaling pathway in the stomach leads to terminal gastric differentiation of stem cells (38) .
Innate immune system. There is gastric corpus mucosal enrichment of messages for Toll-like receptors (Tlr) 5, 7, and 9 ( Fig. 6) , which also play a role in activation of the immune system during H. pylori or other bacterial infections (70) . A recent report suggests that activation of these receptors by luminal agents induces histamine decarboxylase expression in the gastric corpus mucosa, which may result in increased histamine production and hence acid secretion, perhaps intended to increase the antibacterial effect of acid secretion (19, 67) .
Regulation of Transcription
The gastric corpus mucosa is enriched in message for the homeobox transcription factor Barx1, which has been recently described to inhibit expression of secreted Frizzled-related protein 2 (sFRP2, Fig. 7 ) (38) . Inhibition of Wnt signaling by sFRPs in the stomach leads to gastric differentiation of stem cells (38) . Presumably this expression is related to regulation of stem cell differentiation.
In addition to sFRP2, Barx1 controls expression of another transcription factor Pitx1, and of one of the Igf binding proteins, Igfbp4 (38) . While it has been postulated that Barx1 is only transiently expressed during fetal organogenesis (38) , these data show sustained expression, since messages for this transcription factor and its downstream regulated transcripts sFRP2, Pitx1, and Igfbp4 are all enriched in the adult rat gastric corpus mucosa (see Figs. 5 and 6 ). Fig. 6 . Segment-specific expression of genes that code for proteins involved in epithelial protection, regeneration, and innate immune system. This figure illustrates the relative distribution of genes encoding proteins implicated in epithelial protection, regeneration, and innate immune system response that are selectively expressed in epithelial cells of the gastric corpus compared with PSB, DSB, and colon in 3 independent experiments (log of the mean of 3 ratios Ϯ SD). Ratios are presented as heat maps showing gradients of highest (red) to lowest (green). The color scale at the bottom indicates the expression ratios (fold-change).
The gastric corpus mucosa is also enriched in messages coding for three Runt-related transcription factors, Runx 1-3 (Fig. 7) . These factors are crucial for stem cell differentiation in addition to Barx1. Runx3 regulates gastric epithelial cell differentiation (17, 18) . Runx1 and 3 are downregulated in intestinal-type gastric cancer cells, which are positive for Cdx2 (69), a transcription factor that is not expressed in the normal gastric corpus mucosa (11, 53) , but ubiquitously expressed in the small bowel and colonic mucosa. This indicates that Runx factors and Barx1 differentiate stem cells toward a gastric lineage.
In addition to Barx1 and Runx 1-3, there is also expression of Gata6, a retinoic acid-inducible zinc finger transcription factor, in the gastric corpus mucosa adding to the multifactorial regulation of differentiation of this heterocellular epithelium.
Messages for transcription factors involved in endocrine cell differentiation are enriched in the gastric corpus mucosa, reflecting the presence of numerous endocrine cells in this segment of the GI tract. These include neurogenin 3 and forkhead transcription factor Foxa2, both of which have been shown to control D-cell differentiation (33, 89) . The gastric corpus mucosa is also highly enriched in message for another forkhead transcription factor, Foxn4, which has not been described in cell differentiation of the gastric epithelium. It is also enriched in message for the nuclear factor, erythroid-derived 2, like 2 (Nfe2l2). Nfe2l2 is involved in regulation of antioxidant responses by upregulation of transcription of antioxidative stress genes (28) . Nfe2l2 has been shown to increase transcription of aldehyde dehydrogenases 1a1 and 1a7 (1), messages of which are enriched in gastric and duodenal mucosa (see Fig. 10 ).
The gastric corpus mucosa is also significantly enriched in message coding for one of the SRY-related HMG-box family of transcription factors, Sox10. This factor is crucial for the development of the neural crest, and maintains melanocytic differentiation. In the GI tract, it has been shown that Sox10 knockout mice are aganglionic, displaying a phenotype seen in Hirschsprung disease (77) . It may be that the gastric corpus mucosal enrichment of the message observed in our data set originates from intramucosal cells of neural origin.
The gastric corpus mucosa is also enriched in Stat3 mRNA (Fig. 7) , which has been implicated in the control of the apelin promoter during states of colonic inflammation (23) . Apelin is expressed in gastric parietal cells and inhibits gastric acid secretion by inhibiting ECL cell histamine release (45) (see Fig. 4 ). It is likely that, in the inflamed gastric corpus mucosa, Stat3 induces increased apelin expression, which leads to decreased acid secretion, a likely protective mechanism often seen in chronic gastritis.
The gastric corpus mucosa is highly enriched in message for HoxD3, a homeobox transcription factor implicated in angiogenesis and wound healing. In addition, HoxD3 is also implicated in the control of aquaporin 2 expression in the renal collecting duct (91), which is also significantly expressed in the gastric corpus mucosa (Fig. 4) . There is also enrichment of message for HoxD10, which has been shown to control renal renin expression (62) . Both of these homeobox proteins require transcriptional cofactors (either Pbx1 or Pbx1-like proteins Meis1 or Meis2) for high-affinity DNA binding (8, 30, 88) . Therefore, the gastric corpus mucosa is also highly enriched in message for Meis2. Clearly, there is a complicated pattern of transcription factor expression in the stomach, reflecting its marked cellular heterogeneity and complex morphology. HoxA4 gene expression is enriched in the colon and been shown to be down regulated in ulcerative colitis and colorectal carcinoma (80) .
Digestion and Absorption
Expression of digestive enzymes. The gastric corpus mucosa shows very high enrichment of message (log ratio between 2 Fig. 8 ). The high expression of secreted lipases may indicate a high demand in this mucosa for energy precursors other than glucose most likely to provide the massive amounts of ATP needed for acid secretion. Other gastric corpus mucosal enriched messages coded for chymotrypsin B and the dipeptidylpeptidases 6 and 10 and even salivary and pancreatic amylase, although the latter is also enriched in jejunal epithelial cells.
Expression of proteins facilitating lipid, cholesterol, and bile acid uptake, and chylomicron synthesis. The gastric corpus mucosa shows enrichment in messages of a specific set of fatty acid binding proteins, Fabp 3-5 and 7, suggesting a high demand of this mucosa for energy precursors other than glucose to produce the ATP needed for acid secretion. This hypothesis is also supported by the high expression of secreted lipolytic enzymes in gastric corpus mucosa particularly Pla1a, colipase and lipoprotein lipase (Fig. 8) .
In addition, the gastric corpus mucosa expresses two of the known five free fatty acid receptors (Ffar) 1 and Gpr84. These receptors are important luminal sensors of food intake (29) and are most likely expressed on entero-endocrine cells, where they stimulate the release of peptide hormones including incretins glucagon-like peptide (GLP) 1 and 2 (12) . Ffar 1 (Gpr40), which is expressed in pancreatic beta cells, is shown to be involved in diabetes mellitus type 2. It is activated by medium to long chain fatty acids (29) and is present in ghrelincontaining X/A cells of the gastric corpus mucosa (12) . A similar expression pattern is seen for Gpr84, which is activated largely by medium chain free fatty acids (29) . The stomach is thus responsive to various food stimuli, especially for lipids and glucose.
High expression was found for the pancreas-specific isoform of protein disulfide isomerase Pdi (Pdip). Pdi catalyzes the formation of disulfide bonds in secretory proteins (22) and can serve as a molecular chaperone (83) . A recent study described Fig. 8 . Segment-specific expression of genes coding for various secreted digestive enzymes and involved in fatty acid, vitamin, and iron uptake. This figure illustrates the relative distribution of genes encoding digestive enzymes released into the lumen of different segments as well as proteins involved in uptake of fatty acids, vitamins, and iron in the GI tract that are selectively expressed in epithelial cells of gastric corpus compared with PSB and DSB, and colon in 3 independent experiments (log of the mean of 3 ratios Ϯ SD). Ratios are presented as heat maps showing gradients of highest (red) to lowest (green). The color scale at the bottom indicates the expression ratios (fold-change).
high expression of the pancreas-specific isoform of Pdi, Pdip, in mouse gastric mucosal cells, but not submucosa or muscle layers. Pdip expression level was highest in the corpus and appeared to be localized to gastric chief cells (16) .
Expression of proteins involved in essential nutrient and vitamin uptake. Although many of the vitamin and essential nutrient transport proteins are predominantly expressed in the distal small bowel mucosa, there are a few noticeable exceptions observed to be expressed in the gastric mucosa (Fig. 8) .
Three genes involved in essential nutrient uptake are highly expressed in the gastric mucosa. There is significant enrichment of mRNA coding for gastric intrinsic factor, which binds cobalamin (vitamin B12) and of the sodium iodide symporter (Slc5a5), confirming immunohistochemical detection of the latter in the gastric mucosa (2, 13, 76) . Whether this represents the principal transporter of dietary iodine uptake, given the relative absence of expression in the rest of the gut, is not known but probable. There is also high expression of message for the glial high-affinity glutamate transporter (Slc1a3). This novel finding implies high expression by a gastric neuroendocrine cell that is as yet undefined.
Expression of proteins involved in iron uptake. The gastric corpus mucosa does not show enrichment of messages coding for iron transport proteins. However, enriched messages for transferrin, the serum transport protein for iron, and the transferrin receptor are found at higher levels in the gastric mucosa (Fig. 8) . Transferrin message is also highly expressed in the colon. The gastric corpus mucosa is also highly enriched in message coding for the regulatory protein hepcidin (Fig. 8) , shown to inhibit apical iron uptake by DMT-1 in intestinal epithelial Caco-2 cells (48) . This may indicate a feed-back loop between the gastric and duodenal mucosa in iron uptake regulation. As before, expression of many of these genes is seen in ileum but not jejunum or colon.
Glucose Homeostasis
Expression of enzymes of the glycolytic pathway. The gastric corpus mucosa is enriched in message for hexokinase 1 and 3, muscle phosphofructokinase, aldolase C, phosphoglycerate kinase 2, and phosphoglycerate mutase 2, implying a major role for the glycolytic pathway in the stomach (Fig. 9) .
While hexokinase 1 and 3 are highly enriched in gastric epithelial cells, hexokinase 2 is specifically expressed in ileal epithelial cells (data not shown). The results may explain earlier studies on segment-specific hexokinase enzyme activities along the GI tract (85) .
Expression of facilitated sugar transporters and glucosensors. The gastric corpus mucosa is highly enriched in messages coding for the insulin-regulated basolateral glucose transporter Glut4 (Slc2a4) and the apical glucose transporter Sglt2 (Slc5a2), indicating the presence of a specific glucose uptake pathway in the stomach (Fig. 9) . Messages coding for other glucose transporters including Glut1, Glut6, Glut8, and Slc5a10 are found to be slightly enriched in the gastric corpus and also the distal small bowel epithelium, indicating some degree of similarity in sugar transport in the gastric and ileal mucosa compared with the proximal small bowel and colonic epithelium.
Expression of Proteins Involved in Detoxification of Food Contents
Expression of decarboxylases. The family of amino acid and other decarboxylases are involved in synthesis of neuroendocrine factors and important metabolic intermediates. Many of these enzymes are enriched in the gastric and to a lesser extent in ileal mucosa (Fig. 10) .
There is high enrichment of gastric mucosal mRNA for cysteine dioxygenase (34), the enzyme committing cysteine Fig. 9 . Segment-specific expression of genes coding for various enzymes of glycolysis and glucose transporters. This figure illustrates the relative distribution of genes encoding various enzymes involved in glycolysis and glucose transport that are selectively expressed in epithelial cells of the gastric corpus in 3 independent experiments (log of the mean of 3 ratios Ϯ SD). Ratios are presented as heat maps showing gradients of highest (red) to lowest (green). The color scale at the bottom indicates the expression ratios (fold-change).
conversion to cysteine sulfinic acid (CSA), and of cysteine sulfinic acid decarboxylase (Csad), which decarboxylates CSA to ultimately yield taurine and CO 2 . Taurine has been implicated in osmoregulation (4), which is a vital component of gastric parietal cell physiology and is also an anti-oxidant.
The gastric mucosa expresses high amounts of malonyl-CoA decarboxylase. Malonyl CoA is a potent endogenous inhibitor of fatty acid oxidation, secondary to inhibition of carnitine palmitoyl transferase-I, the gatekeeper of mitochondrial fatty acid uptake. Degradation by malonyl CoA decarboxylase leads to increased fatty acid oxidation, important to provide energy precursors for acid secretion in the gastric mucosa.
Expression of alcohol and aldehyde dehydrogenases. The gastric mucosa expresses high levels of the class IV alcohol dehydrogenase Adh7 (Fig. 10) . This enzyme has the highest affinity for ethanol and represents a metabolic barrier [first pass metabolism for dietary ethanols (27, 72) ]. There is also significant enrichment of message coding for the novel iron containing alcohol dehydrogenase (Adhfe1), which was recently cloned from human fetal brain (10) and has been found to play a role in adipocyte function (39) . There is also slight gastric mucosal enrichment of messages coding for a variety of aldehyde dehydrogenases (Aldh1a1, 1a2, 3a1, and 6a1), confirming previous data (1). This probably reflects the function of the stomach in preventing intoxication due to damaging factors in food.
Expression of glutathione transferases and peroxidases involved in detoxification. Most enzymes involved in detoxification of food contents are preferentially expressed in gastric mucosa. Knowledge of segment-specific expression of different isoforms of these classes of enzymes is important in the understanding of the bio-availability and metabolism of orally administered drugs. Fig. 10 . Segment-specific expression of genes coding for various enzymes involved in decarboxylation, alcohol dehydrogenation, and detoxification. This figure illustrates the relative distribution of genes encoding various enzymes involved in decarboxylation, alcohol dehydrogenation, and detoxification that are selectively expressed in epithelial cells of gastric corpus compared with PSB and DSB, or colon in 3 independent experiments (log of the mean of 3 ratios Ϯ SD). Ratios are presented as heat maps showing gradients of highest (red) to lowest (green). The color scale at the bottom indicates the expression ratios (fold-change).
Enrichment of message for several glutathione peroxidases (Gpx), namely Gpx 1, 3, 4, 6, and 7 is significant in the stomach (Fig. 10) . Messages for glutathione transferases are also highly enriched. These also reflect an important role for the stomach in dealing with potentially damaging agents in food. Again, there is overlap of expression in ileum but generally not in jejunum or colon.
Summary
This survey of the rat gastric corpus identifies genes selectively expressed by the gastric oxyntic mucosa compared with the proximal and distal (ileal) small bowel and colonic mucosae. It is striking that the gastric mucosa appears to express the most extensive set of genes that reflect unique functions. The highlights of the results are summarized here and shown in Table 1 .
The gastric corpus uniquely expresses the machinery of genes for acid secretion, digestive enzyme release, and for their regulation by gastric enteroendocrine cells. Associated with acid secretion is the presence of both K ϩ and Cl Ϫ channels. Kcnq1/Kcne2 and Clic6 are known to be involved in supplying K ϩ and Cl Ϫ to the luminal face of the H,K-ATPase, but the role of the high expression of the voltage-sensitive chloride channel Clcn4 -2 in this part of the stomach is not clear. Kir4.2 and 5.1 (Kcnj15 and Kcnj16) form an inward-rectifying pHsensitive heterodimeric K ϩ channel in parietal cells (44) . This channel most likely maintains intracellular K ϩ homeostasis replacing that lost during acid secretion given its location on the apical surface of the parietal cell.
Several aquaporin isoforms are also highly expressed in the gastric corpus and are likely to control water flow during acid and/or pepsinogen secretion. Bicarbonate is the source of the protons needed for acid secretion and is also the major intracellular buffer compensating for proton extrusion, and levels are maintained by the bicarbonate transporters Slc26a7 and the three anion exchangers (AE2-4), which also supply Cl Ϫ . The reason for expression of multiple subtypes of anion exchangers in these cells is unknown but may reflect temporal differences in pH or Cl Ϫ homeostasis as a function of the rate of acid secretion. In addition, there are several isoforms of carbonic anhydrase expressed in this region of the gut to maintain cellular pH by bicarbonate generation.
The gastric corpus is also the site of extensive enteroendocrine regulation expressing receptors whose ligands are mainly expressed in the small bowel mucosa, resulting in feedback circuits between small bowel and gastric corpus. In addition, the presence of ghrelin, neuropeptide W, and NUCB2/nesfatin-1, involved in appetite regulation, emphasizes the importance of the gastric corpus mucosa in weight control. Trefoil peptides and foveolin are important for gastric corpus mucosal repair, and their high expression in gastric mucosa attests to the likelihood of injury in this part of the GI tract. Of the multitude of transcription factors expressed in the gut, Barx1 and Runx appear to be involved in gastric epithelial cell differentiation, while Foxa2 and Foxn4 transcription factors are involved in the differentiation of enteroendocrine cells.
There is selective expression of various lipases and pancreatic amylase in addition to pepsinogen. Also of note is the expression of a specific subset of glucose transporters, Sglt2 and Glut4, resulting in a gastric-specific pathway for glucose uptake and utilization. The presence of the glucose sensor Sglt3b and the free fatty acid receptors Ffar1 and Gpr84 indicates glucose and fatty acid sensing, thereby enabling regulation of appetite and food ingestion.
A specific set of fatty acid binding proteins implies a role of lipids as energy precursors for the metabolic demands in this region. The gastric corpus mucosa also uniquely expresses the sodium iodide cotransporter, suggesting that gastric absorption is the major route for iodide supply to the body.
An unexpected finding is the prominent presence of a pathway for taurine generation (cysteine dioxygenase and cysteine sulfinic acid decarboxylase), perhaps involved in osmoregulation as a vital component of gastric parietal cell isosmotic secretion of HCl. Taurine is also an antioxidant and this may be the major role for taurine generation in the stomach complementing other antioxidant pathways such as those involving glutathione.
Throughout this analysis the overlap between gene expression in gastric corpus and ileum but not jejunum and colon was noted. It is clearly of interest to discern the meaning of this overlap, since the ileum is not a secretory epithelium.
In summary, this extensive analysis of gene expression by stomach epithelial cells compared with the intestine provides a starting point for investigation of new and unexplored functions of this organ and emphasizes the integration of several different functions along the length of the GI tract.
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